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LITERATURE REVIEW 
Trifluralin 
Introduction 
The dinitroaniline herbicides were introduced in the 1960s and 
have become one of the most important classes of pesticides in use 
today. The 1985 Iowa Pesticide Use Survey (Wintersteen and Hertz1er, 
1986) reports that over 75 percent of Iowa soybean {Glycine max (L.) 
Merr.} acres were treated with a dinitroaniline herbicide. This 
popularity is due both to their high degree of efficacy and their low 
cost in comparison to competing products. The herbicide class was 
initially developed by Eli Lilly and Company who released trifluralin 
(2,6-dinitro-N,N-dipropyl-4-(trifluoromsthyDbenzenamine ) as the first 
commercial product from this group of chemistry (Klingman and Ashton, 
1982). Trifluralin is marketed under the tradename Treflan and is the 
most important herbicide in the class, being used on more than 5 
million Iowa soybean acres in 1985 (Wintersteen and Hartzler, 1986). 
At least ten other members of this chemical family have been 
commercially marketed since the development of trifluralin (Ashton and 
Crafts, 1981). Dinitroaniline herbicides are important in the 
production of soybeans, cotton (Gossypium hirsutum L.), peanuts 
(Arachis hypogeae L.), vegetables, tree fruits and turf (Weed Sci. Soc. 
Amer., 1979). 
The chemical and physical characteristics of trifluralin are 
listed in Table 1 (Weed Sci. Soc. Amer., 1979). Figure 1 shows the 
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Table 1. Chemical characteristics of trifluralin 
Molecular weight: 335 
Physical state: Orange, crystalline solid 
Melting point: 49 C 
Vapor pressure; 1.4*10" Pa at 25 C 
Solubility at 25 C: 
Solvent g/IOOml 
acetone > 50 
hexane > 50 
water 0.00003 
Partition coefficient: 5.07 (n-octanol/water at 25 C) 
2,6-dinitroaniline trifluralin 
Figure 1. Structure of substituted dinitroaniline 
and trifluralin 
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molecular structure of the basic dinitroaniline ring and trifluralin. 
Prior to the discovery of their herbicidal properties, dinitroanilines 
were used in the manufacture of dyes (Probst et al., 1975). 
Trifluralin and other dinitroaniline herbicides are characterized by a 
yellow or orange color. 
The major use of trifluralin is as a selective preemergence 
herbicide. While susceptible weeds are usually prevented from emerging 
through the soil surface, trifluralin does not inhibit the germination 
process (Feeney, 1966; Hassawy and Hamilton, 1971). Susceptible 
species are killed due to disruption of normal root development 
(Lignowski and Scott, 1971; Mallory and Bayer, 1972; Standifer and 
Thomas, 1965). The use of trifluralin in field crops is limited to 
mechanically incorporated applications due to its relatively high vapor 
pressure and susceptibility to photodecomposition (Klingman and Ashton, 
1982). Mechanical incorporation also improves herbicidal activity of 
trifluralin since the chemical's low water solubility limits movement 
of the herbicide in the soil profile. 
Plant relations 
Absorbtion and translocation Strang and Rogers (1971) used 
c''^ -labeled trifluralin to study the absorption of the herbicide by 
soybean and cotton roots. The herbicide accumulated primarily in the 
the cuticle, epidermis and cell walls of treated plants. There was no 
movement of the herbicide out of soybean roots into the shoot, whereas 
small amounts of trifluralin were found in cotton shoots. In carrots 
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(Daucus carota L.), 67 percent of absorbed trifluralin was found in the 
peel, with the remainder in the pulp (Golab et al., 1967). The rate of 
absorption of trifluralin in peanuts was greatest at high temperatures, 
but reduced growth rates in cooler soils resulted in higher 
concentrations being found in roots of plants grown at lower 
temperatures (Hawxby et al., 1972). Probst et al. (1967) found no 
appreciable residues of trifluralin in shoots of a variety of species 
grown in treated soil. 
Mode of action The most obvious external plant response to 
trifluralin is a radial expansion of exposed root tips (Haiskaylo and 
Amato, 1968; Mailory and Bayer, 1972; Bayer et al., 1967). The first 
symptoms of injury were seen in the cortex cells of the elongation 
region. After extended exposure to trifluralin, the meristematic 
region of apical roots was decreased and eventually lost (Mallory and 
Bayer, 1972). Lateral roots also fail to develop in susceptible 
species exposed to trifluralin (Haiskaylo and Amato, 1963; Standifer 
and Thomas, 1965). In cotton, lateral root development was prevented 
only in the soil region where trifluralin had been incorporated 
(Standifer and Thomas, 1965). Lateral root development was reported to 
be more sensitive than apical meristem growth (Bayer et al., 1967). 
Trifluralin injury is manifested by an inhibition of mitosis. 
Lignowski and Scott (1972) and Bartels and Hilton (1973) reported an 
increase in the number of cells observed in metaphase with a 
corresponding decrease in cells in anaphase and teleophase, indicating 
mitosis being blocked at metaphase. In disrupted cells, chromosomes 
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were oriented at the central region of the cytoplasm, but no 
microtubules were present. Bayer et al. (1967) reported a disruption 
of the mitotic process, but did not observe a prevalent mitotic figure. 
Mitotic activity was not affected in all cells, but in clusters of 
adjacent cells. Hess and Bayer (1974) also reported a variety of 
malformed cell types in injured roots. They studied the mitotic 
process at the ultra^ ructural level in order to determine the 
mechanism of spindle disruption. The inhibition of microtubule 
formation by trifluralin was found to vary widely among cells. In sone 
cells microtubules were completely absent, whereas other cells had 
varying amounts of microtubules. The degree of mitotic disruption was 
dependent upon the quantity of microtubules found in a particular cell. 
The manner in which trifluralin inhibits mitosis is similar to the 
activity of colchicine (Hess and Bayer, 1974; Lignowski and Scott, 
1971; Lignowski and Scott, 1972). Hess and Bayer (1974) stated that 
trifluralin's nechanism o'f action might not be identical to colchicine, 
but that the effect on microtubules and thus mitosis was the same. 
Trifluralin did not bind to tubulin extracted from pig brains, but did 
bind to a protein in a crude extract of corn (Zea mays L.) root tips 
(Bartels and Hilton, 1973). Trifluralin also failed to prevent the 
formation of microtubules from isolated tubulin. The authors suggested 
that trifluralin interfered with the synthesis or maintenance of 
tubulin subunits, rather than preventing polymerization of tubulin in 
the manner of colchicine. Hertel et al. (1980) reported that 
trifluralin and other anti-microtubular herbicides reduced net Ca^ "*" 
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uptake into mitochondria by increasing the passive efflux of the ion. 
They proposed that anti-microtubular herbicides inhibited microtubule 
development by disrupting Ca^ "*" levels within the cell. 
Lignowski and Scott (1971) were able to reduce trifluralin induced 
root swelling by 70 percent using BAL (2,3-dimercaptopropanol). BAL 
also antitodes against colchicine by protecting sulfhydryl groups of 
proteins. Hassawy and Hamilton (1971) prevented root inhibition in 
cotton seedlings at low rates of trifluralin with the addition of lAA 
and kinetln to the growth media. They proposed that the inhibition of 
root growth was brought about by a disturbance of the balance between 
lAA and kinetin. 
While disruption of mitotic activity appears to be the primary 
mechanism of action, the effect of trifluralin on other physiological 
processes has been investigated. Trifluralin did not affect protein 
synthesis in soybeans (Gruenhagen and Moreland, 1971) or barley 
(Hordeum vulgare L.) (Mann et al., 1965). No effect was seen on ATP 
levels or synthesis of RNA in soybeans (Gruenhagen and Moreland, 1971). 
Schultz et al. (1968) reported a decrease in RNA, DNA and protein 
levels in soybean root tips due to trifluralin, but no effect on 
protein levels in shoots. Trifluralin applied prior to extraction of 
chromatin reduced RNA synthesis in corn roots but not in soybeans 
(Penner and Early, 1972). Moreland et al. (1972) reported that 
photosynthesis in spinach (Spinacia oleracea L.) was not inhibited by 
trifluralin, but that oxygen uptake in corn roots was suppressed. 
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Metabolism in plants Probst et al. (1967) reported that 84 
percent of trifluralin in carrot tissue remained unaltered. The major 
degradation product was a dealkylated metabolite. Less than one 
percent of absorbed trifluralin remained intact after 72 hours in 
peanuts, whereas 17 percent of trifluralin was unchanged in sweet 
potatoes (Ipomea batatas Lam.) (Biawas and Hamilton, 1969). 
Dealkylation and reduction of nitro groups were the primary metabolic 
reactions. 
Factors affecting activity Several factors have been reported 
to affect the phytotoxicity of trifluralin. While soil pH did not 
influence the toxicity to foxtail (Setaria sp.) or millet (Setaria 
italica (L.) Beau.), organic matter and, to a lesser extent, clay 
•content affected trifluralin activity (Hollist and Foy, 1971). Anion 
exchange capacity was found to be a better indicator of soil influence 
on phytotoxicity than cation exchange capacity. Soil water content did 
not affect the response of oat (Avena sativa L.) roots to trifluralin 
(Jacques and Harvey, 1979). Peanuts, however, were more susceptible to 
trifluralin under cool, wet conditions due to prolonged exposure of 
roots to the herbicide (Hawxby et al., 1972). Corn hybrids were more 
susceptible to trifluralin at 15 C than at 25 C (Roggenbuck, 1983). 
Soil moisture had a lesser effect on corn response. Soil compaction 
has been reported to decrease the tolerance of corn to trifluralin 
(Roggenbuck, 1983; Martin et al., 1985). Plant species vary in their 
tolerance to trifluralin. Hilton and Christiansen (1972) reported a 
strong correlation between internal seed lipid concentration and 
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tolerance to trifluralin. They also were able to prevent injury to 
several grass species by applying lipids to tte soil. The authors 
proposed that selective phytotoxicity of trifluralin is determined in 
part by the amount of endogenous lipids available to trap trifluralin 
and keep it from its site of action. 
Soil relations 
Several routes of dissipation of trifluralin and other 
dinitroaniline herbicides from soil have been reported, including 
volatilization (Bardsley et al., 1968; Kennedy and Talbert, 1977; 
Savage, 1973), photodegradation (Kennedy and Talbert, 1977; Parochetti 
and Dec, 1978) and biological (Savage, 1973) and non-biological 
degradation (Probst et al., 1967; Savage, 1973; Savage, 1978). 
Volatilization Due to the relatively high vapor pressure of 
most dinitroaniline herbicides, incorporation is generally recommended 
soon after application to reduce losses from volatilization (Klingman 
and Ashton, 1982). The vapor pressure of trifluralin increased by 
approximately a factor of five for each 10 degree increase in 
temperature between 20 and 40 degrees C (Spencer and Cliath, 1974). 
The authors also reported that vapor pressure of trifluralin applied to 
a soil surface was inversely related to soil organic matter content. 
Savage and Jordan (1980) found that 67 percent of trifluralin applied 
to the surface of a silt loam soil was lost after five days. Less 
rapid rates of loss were found from the surface of a clay soil. 
Ketchersid et al. (1969) reported that losses of trifluralin from the 
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soil surface were affected more by soil moisture content than by soil 
type. Volatilization losses were higher from a soil maintained at 
field capacity than in air-dry or flooded soils. Losses from the soil 
surface were directly related to soil moisture content for trifluralin 
and other dinitroaniline herbicides containing a trifluoromethyl group 
(Kennedy and Talbert, 1977). Volatilization losses of dinitroaniline 
compounds without a trifluoromethyl group were not affected by soil 
moisture. It has been proposed that soil moisture weakens the binding 
of trifluralin to soil colloids which increases vaporization (Bardsley 
et al., 1968; Kennedy and Talbert, 1977). 
Photodecomposition Photodegradation also can affect the 
persistence of trifluralin left on tte soil surface. Parochetti and 
Dec (1978) reported photodegradation losses of 18 percent for 
trifluralin exposed to sunlight for seven days. Wright and Warren 
(1965) observed a shift in the absorption spectra and a loss of 
phytotoxicity from trifluralin after a two hour exposure to sunlight. 
Loss of phytotoxicity due to photodegradation was much lower on soil 
surface than on a glass plate. Photodegradation losses were less than 
volatilization losses from both soil (Parochetti and Hein, 1973) and 
glass (Parochetti and Dec, 1978). The major reactions of 
photodegradation were sequential dealkylation and nitro reduction (Parr 
and Smith, 1973; Leitis and Crosby, 1974). 
Mechanical incorporation of trifluralin minimizes the amount of 
chemical which is susceptible to volatilization and photodegradation 
losses. Following application of 14 kg/ha of trifluralin to the soil 
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surface, up to 4 kg/ha/day were lost due to volatilization (Spencer and 
Cliath, 1974). Incorporation of the herbicide to a ten cm depth 
reduced losses to 0.05 kg/ha/day. Twelve weeks following application, 
4, 35 and 68 percent of applied trifluralin remained with incorporation 
depths of 0, 2.5-5 and 7.5-10 cm, respectively (Savage and Barrentine, 
1969). The authors concluded that trifluralin persistence was directly 
related to the depth of incorporation. 
Movement in soil Leaching of a herbicide through the soil 
profile is another potential method of dissipation from the 
rhizosphere. Due to the chemical properties (water solubility, soil 
binding) of trifluralin, it is relatively immobile in soil (Weed Sci. 
See. Amer., 1979). More than three months following application, less 
than twenty percent of trifluralin remaining in the soil was below the 
depth of incorporation (Menges and Hubbard', 1970; Savage and 
Barrentine, 1969). 
Degradation in soil Non-photochemical degradation of 
trifluralin is the primary means of dissipation from the environment 
following incorporation. Several factors affect the rate of 
degradation in soil, including temperature (Horowitz et al., 1974), 
texture (Savage, 1978) and moisture content (Kearney et al., 1976; 
Messersmith et al., 1971; Probst et al., 1967). 
Horowitz et al. (1974) reported that 60, 40, 20 and 13 percent of 
applied trifluralin remained after two months incubation at 10, 20, 30 
and 40 C, respectively. A survey of fields treated with trifluralin 
revealed a significant negative correlation between soil pH and 
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trifluralin residues (Savage, 1973). However, a greenhouse study did 
not show a significant response between rates of breakdown and soil pH. 
Zimdahl and Gwynn (1977) reported a shorter half life of trifluralin in 
an Ascalon sandy loam than in a Weld loam. The opposite relationship 
between persistence and texture was found by Savage (1978). 
Two distict pathways of degradation occur depending upon the redox 
potential of the soil (Probst et al., 1967; Savage, 1978). The first 
reaction under aerobic conditions is a dealkylation followed by 
progressive reduction (Probst et al., 1967). Under anaerobic 
conditions, a preliminary nitre reduction occurs prior to dealkylation. 
A direct correlation between soil moisture and rate of trifluralin 
breakdown was reported by Zimdahl and Gwynn (1977). Concentrations of 
trifluralin remaining six months following application were 1.65, 1.27, 
0.80 and 0.49 ppm in soils maintained at 0, 25, 50 and 100 percent of 
field capacity. The rate of breakdown did not follow first order 
kinetics. The authors proposed that the initial rapid breakdown rate 
involved the portion of herbicide readily available in solution, 
whereas the slower secondary process involved herbicide bound to active 
sites in the soil. The rapid breakdown of trifluralin under flooded 
conditions is well documented (Brewer et al., 1982; Parr and Smith, 
1973; Savage, 1978; Zimdahl and Gwynn, 1977). Savage (1978) reported a 
half-life of 48 days for trifluralin in a Sharkey clay soil maintained 
near field capacity. The half-life under flooded conditions was only 
20 days. Flooding for relatively short periods of time can cause 
significant losses of trifluralin. A three day flooding period reduced 
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the amount of trifluralin remaining in the soil 20 days after 
application by nearly 50 percent when compared to a soil maintained 
near field capacity (Savage, 1978). 
Most studies of trifluralin degradation have indicated that 
microbial activity is responsible for only a small percentage of the 
total breakdown of the compound (Messersmith et al., 1971; Probst et 
al., 1967; Savage, 1973; Savage, 1978). Savage (1978) found that 
autoclaving soils prior to application of trifluralin and several other 
dinitroaniline herbicides did not affect dissipation rates under either 
aerobic or anaerobic conditions. Probst et al. (1957) reported lower 
levels of trifluralin breakdown in autoclaved soils than in non-
autoclaved soils; however, the difference between the two treatments 
accounted for only a small percentage of the total loss of trifluralin. 
Neither previous trifluralin applications nor autoclaving affected the 
rate of trifluralin degradation (Savage, 1973). However, nitralin 
degraded significantly faster in a soil previously treated with the 
herbicide than in a soil with no previous nitralin history. 
Autoclaving the soil with enhanced breakdown ability resulted in 
degradation rates equivalent to those in soils with no previous 
nitralin applications. The author concluded that microbial activity 
was involved in the breakdown of nitralin, but not of trifluralin. 
Messersmith et al. (1971) projected that biological breakdown accounted 
for less than five percent of trifluralin degradation in soil. 
Trifluralin at one ppm significantly reduced carbon evolution from two 
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soils held at 80 percent of field capacity, but did not affect 
respiration of soils maintained at 160 percent field capacity. 
Carryover injury to rotational crops Despite an abundance of 
research investigating the persistence of trifluralin and other 
dinitroaniline herbicides, the potential for carryover injury is still 
debated. Abernathy and Keeling (1979) evaluated the response of winter 
wheat (Triticum aestivum L.) and sorghum {Sorghum bicolor (L.) Moench} 
to residues remaining from label and 2X label rates of trifluralin. 
Early season stunting of sorghum was observed at the high rate of 
trifluralin, but there was no yield reduction. Wiese et al. (1969) 
reported that sorghum stands were reduced when planted on land treated 
the previous year with 0.56 to 1.12 kg/ha of trifluralin. Tillering 
compensated for poor stands and no yield reductions were observed at 
two of three locations in Texas. Delaying planting of sorghum until 
May eliminated carryover injury. Miller et al. (1975) also reported 
reductions in sorghum stands from residues remaining a year after 
trifluralin application. Fink (1972) reported that trifluralin 
carryover injury to corn, wheat and sorghum was affected by both the 
depth of incorporation and the tillage system used to prepare seedbeds 
for rotational crops. Carryover potential was greater with less 
intensive tillage. 
Residues from 1.12, 2.24 and 5.36 kg/ha of trifluralin remaining 
25 weeks after application reduced oat growth by 0, 16 and 50 percent, 
respectively (Schweizer and Holstun, 1966). Rahman (1977) reported 
that phytotoxic residues remained at only five of 45 sites evaluated 
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six months following application of one kg/ha of trifluralin. All five 
locations where carryover was a problem were characterized by soils low 
in organic matter. Residues remaining seven months after application 
of trifluralin had no affect on sorghum or German millet {Setaria 
italica (L.) Beau, var stramineofructa} (Menges and Hubbard, 1970). 
Parka and Tepe (1969) analyzed soil samples from throughout the United 
States that had been treated with trifluralin for one to four 
consecutive years. The majority of samples contained from one to eight 
percent of the original amount at the end of the growing season. The 
amount of trifluralin remaining was not affected by the number of years 
the herbicide had been applied. These studies indicate the difficulty 
in assessing the potential for carryover injury. Rotational crop 
response varies with species, location, soil characteristics and 
environmental conditions both the year of application and the following 
growing season. 
Root Function 
Introduction 
The roots of plants serve three primary functions: 1) physical 
support for the plant, 2) water absorption, and 3) mineral nutrient 
absorption. Since trifluralin's primary site of action is on root 
growth and development, it is likely that the herbicide might also 
disrupt root function in some manner. A purple coloration of early 
season corn growth is often attributed to trifluralin injury (Personal 
communication. Dr. Richard Fawcett, Ext. Weed Scientist, Iowa State 
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University). These symptoms are characteristic of phosphorous 
deficiency. A disturbance of plant mineral nutrition might be due to 
the reduction in root surface area, an inactivation of the mineral 
absorption mechanisms, a decrease in translocation of minerals from 
roots or a combination of these factors. 
Mechanism of absorption 
The ability of plants to concentrate anions and cations within the 
root at far higher concentrations than that found in the soil solution 
indicates that an active absorption process is involved (Richter, 
1978). Two mechanisms of uptake are believed to be involved in ion 
absorption (Epstein, 1976). The first mechanism is a high affinity, 
low which operates at low ion concentrations (1-20 uM). The second 
mechanism is a low affinity, high that functions at high ion 
concentrations (50-1000uM). The high affinity mechanism predominates 
ion uptake over the relatively low concentration ranges found in most 
soils. Clarkson and Hanson (1980) stated that transfer systems in 
nature have a high affinity for ions and that the quantity of material 
transported by roots is regulated by the quantity required irrespective 
of the concentration and energy cost involved. Much of the early 
research investigating kinetics of ion uptake was conducted at high 
nutrient concentrations with excised roots, and the results of these 
experiments may not be applicable to roots growing in a natural 
environment (Epstein et al., 1963; Olsen, 1950; White, 1973). 
Epstein and Hagen (1952) proposed that specific ion binding sites 
on carrier molecules transported ions across the plasmalemma and other 
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cellular membranes. The hypothesis of carrier molecules is supported 
by the high specificity of ion absorption (Epstein, 1961). The 
characteristics of uptake differ among the various ions utilized by 
plants. Drew et al. (1984) concluded that potassium uptake in barley 
roots was controlled by an allosteric mechanism. Phosphate uptake 
responded differently to nutrient deficiency than potassium uptake, and 
tine authors concluded that barley regulates phosphorus uptake by 
changing the number of carrier molecules present in response to 
external phosphorus concentration. 
The energy source for both potassium and phosphorus uptake has 
been reported to be ATP (Lin, 1979; Lin and Hanson, 1974). Lin (1979) 
found evidence for and electrogenic exchanging plasmalemma ATP-
ase for potassium uptake. The author'reported that phosphorus uptake 
was coupled to an OH~/p^  antiporter. Bowling and Dunlop (1978) 
observed a close correlation between phosphorus uptake and cell 
membrane electrical potential differences over-a wide range of 
conditions. In starved roots, the Pf*" potential was eliminated and 
phosphorus uptake stopped. Phosphorus absorption by energy depleted 
roots could be maintained, however, by lowering the external pH of the 
absorption media. The authors concluded that the pH gradient and 
electrical potential differences were the driving force for absorption 
of phosphorus, rather than the extrusion of ff*" ions from the root. 
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Factors affecting absorption 
Barber (1962) stated that nutrient absorption is a three step 
process involving movement of the the nutrient in the soil to the root 
surface, movement from the exterior of the root to the interior and 
finally, translocation from the root to the shoot of the plant. 
Interactions among these three processes will determine the quantity of 
a nutrient that is absorbed by a plant. 
Nutrient mobility Plant nutrient availability at the root 
surface is govered by two processes that move nutrients in the soil: 
mass flow and diffusion (Barber, 1962). The rate of movement of an ion 
through the soil is affected by its solubility and the tightness to 
which it binds to soil colloids. Brewster and Tinker (1970) reported 
that mass flow would provide adequate supplies of calcium and magnesium 
•to the root surface, but not of potassium or phosphorus. The diffusion 
coefficient for potassium was approximately 10 to 100 times greater 
than that of phosphorus, and therefore potassium could be extracted 
from a greater distance by a root than phosphorus. The authors stated 
that interception of nutrients due to new root growth would be 
important with nutrients that mass flow would not supply sufficient 
quantities at the root surface. Individual roots of winter wheat were 
found to compete for potassium, but did not compete for phosphorus due 
its lower rate of movement in the soil (Newman and Andrews, 1973). 
Fried et al. (1957) stated that initially the rate of renewal of 
phosphorus in solution from soil reserves is much faster than the 
capacity of roots to absorb the ion. The limited movement of 
18 
phosphorus in the soil however, would soon result in phosphorus 
concentrations in solution becoming the limiting factor of absorption. 
Root growth Due to the limited movement of most elements in 
the soil, new root growth is essential in order to intercept nutrients. 
The root systems of most plant species have become very efficient at 
mining the soil profile for minerals. Mengel and Barber (1974) 
reported that the root length of corn continued to increase rapidly for 
80 days after planting. Hall et al. (1953) found that 14 weeks after 
planting, the roots of a corn plant had penetrated to a depth of more 
than six meters and radially to a distance of ten meters. Robison and 
Rorison (1983) developed a model for predicting the importance of root 
growth in nitrogen uptake. The potential importance of root expansion 
for nitrate uptake was minimal due to the anion's high mobility and 
would only come into play on extremely deficient soils. The authors 
stated that root growth would be important in the absorption of 
ammonium due to its lower mobility in the soil. Newman and Andrews 
(1973) reported that phosphorus uptake was more closely related to root 
growth than to total density of roots in the soil profile. 
Root morphology Other physical characteristics besides rate of 
growth have been shown to be important in mineral acquisition. Hackett 
(1968) reported that the diameter of barley roots decreased with 
deficiencies of potassium and phosphorus. Sohenk and Barber (1979) 
reported a similar response by corn roots due to low concentrations of 
phosphorus. A decrease in root surface area:shoot weight ratios was 
brought about by phosphorus addition to soil (Powell, 1974). This 
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response was reported to be due to production of thicker roots rather 
than a change in the root weight:shoot weight ratio. Anghinoni and 
Barber (1980) reported a decrease in the root surface area:shoot weight 
ratio in corn in response to phosphorus. Phosphorus addition resulted 
in a reduction of total root length, rather than a thicker radius as 
observed in barley (Powell, 1974). The authors also reported that corn 
roots were more concentrated in portions of the soil which were amended 
with phosphorus than in areas with lower levels of the mineral. 
Plant growth White (1973) reported that the rate of nutrient 
absorption in intact plants is related to plant growth and metabolic 
activity. Absorption in intact plants did not follow the kinetics 
observed with excised roots. The rate of nutrient flux into roots was 
greatest with young plants (Mengel and Barber, 1974). The authors 
speculated that the reduction in flux with age was due to lower 
requirements per unit surface area of root. The demand for phosphorus 
by barley was found to determine the rate of absorption (Clarkson et 
al., 1978). Phosphorus absorption was fastest in plants which were 
maintained in phosphorus deficient media prior to measuring rates of 
absorption. Tte availability of carbohydrates also influences rates of 
mineral absorption (Sionit, 1983). Increasing the COp concentration of 
tte atmosphere overcame the effect of low nutrient concentrations on 
the growth of soybeans. Plants grown with high OOp and low nutrient 
levels accumulated more biomass than plants grown under normal 
atmospheric and nutrient conditions. 
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Plant species and varieties The efficiency of mineral 
extraction from soil varies widely among species. Baylis (1972) 
reported that the phosphorus absorption from phosphorus deficient soils 
by a variety of species was directly related to the size of their 
root/soil interface. Woodhouse et al. (1978) found that the potassium 
concentration required to maintain maximum growth rates varied with 
species. Radish (Rapanus sativus L.) had the highest potassium need 
due to a high relative growth rate and a low root surface area:shoot 
weight ratio; whereas, ryegrass (Lolium perenne L.) having a low growth 
rate and high root:shoot ratio required the lowest concentration of 
potassium. Differences in phosphorus uptake efficiencies among species 
have also been reported (Itoh and Barber, 1983). The number and length 
of root hairs were positively .correlated with the efficiency of 
phosphorus absorption by several species. 
Coltman et al. (1985) evaluated tte response of seven tomato 
(Lycopersicon esculentum Mill.) varieties with similar relative growth 
rates under adequate phosphorus fertility to limiting levels of 
phosphorus. Dry weight of the varieties varied up to 73 percent when 
grown under phosphorus deficient conditions. They reported that tte 
rate of phosphorus uptake per unit root weight or length was the 
primary factor in the ability to tolerate phosphorus deficiency, rather 
than differences in utilization efficiency among the varieties. They 
did not observe an increase in root:shoot ratios in response to low 
levels of phosphorus. Nielsen and Barber (1978) reported that the 
plant root parameters of several corn inbreds were reflected in their 
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phosphorus uptake patterns. Differences in morphological and physical 
root characteristics influenced tte amount of phosphorus absorbed by-
five corn hybrids (Schenk and Barber, 1979). Two hybrids doubled the 
ratio between root surface area and shoot weight and were able to 
minimize the reduction in tissue phosphorus concentration due to 
deficient soils. 
Temperature Under field conditions, reductions in mineral 
absorption at low temperatures are due primarily to slower rates of 
root growth (Ching and Barber, 1979; Mackay and Barber, 1934). Mackay 
and Barber (1984) reported that the rate of corn root growth increased 
4.9 fold with an increase in temperature from 18 to 25 C. Increasing 
the soil concentration of phosphorus partially compensated for the 
reduction in root growth at low temperatures. The rate of potassium 
influx in corn roots at 15 C was one half of that at 29 C (Ching and 
Barber, 1979). Using solution culture techniques. Bravo and Uribe 
(1981) reported that reductions in uptake at low temperatures were due 
to effects on ion transport systems rather than limiting respiration. 
Water status Greenway et al. (1969) concluded that a 
disturbance in mineral nutrition is partly responsible for the reduced 
growth of plants experiencing a moderate water deficit. Olsen et al. 
(1961) reported that rate of phosphorus uptake was a linear function of 
soil moisture. Soil moisture tensions of 0.3, 0.5, 1, 3 and 9 bars 
reduced phosphorus uptake by 0, 6, 20, 50 and 65 percent, respectively. 
They attributed the decrease in absorption at low water contents to 
increased lengths of diffusion paths and lower amounts of phosphorus in 
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solution. Mackay and Barber (1985) attributed the effect of low soil 
moisture on phosphorus uptake to both decreased phosphorus diffusion 
and reduced rates of root growth. The ability of tomato roots to 
absorb phosphorus was reduced for 24 hours following a one hour 
exposure of the roots to low water potentials. The rate of nutrient 
uptake is closely related to the rate of transpiration in several 
species (Freeland, 1937; O'Tcole and Baldia, 1982; Verasan and 
Phillips, 1978). 
Herbicides Numerous herbicides have been found to disrupt the 
nutritional status of plants. Metolachlor {2-chloro-N-(2-ethyl-6-
methyIpheny1)(2-methoxy-1-methylethy 1)acetamide} reduced the 
accumulation of calcium, magnesium, potassium and phosphorus in sweet 
corn (Ellis et al., 1983). The intensity of inhibition was 
proportional to daylength. Plants which were removed from metolachlor 
containing solutions overcame the effect on mineral accumulation within 
nine days. 
Triazine herbicides have been found to increase the nitrogen 
content of exposed plants (DeVries, 1963; Ries and Gast, 1965; Sameni 
et al., 1976). Sulfate uptake capacity of corn, barley and wheat was 
inhibited by atrazine {6-chloro-N-ethyl-N'-(1-methylethyl)-1,3,5-
triazine-2,4-diamine} (Renosto et al., 1979). In corn, removal of 
roots from atrazine relieved the inhibitory effect, whereas reduced 
rates of sulfate absorption persisted in wheat and barley. Kennedy and 
Stewart (1980) reported that 2,4-D {(2,4-dichlorophenoxy)acetic acid} 
inhibited potassium uptake. They stated the inhibition was due to the 
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elimination of an energy supply for the carrier molecule involved in 
potassium absorption. 
Trifluralin was reported to have no effect on the accumulation of 
nitrogen in sunflowers (Helianthus annuus L.) (Sameni et al., 1976). 
Cathey and Sabbe (1972) placed trifluralin and labeled phosphorus 
fertilizer in various areas of the root zone of tomatoes. The greatest 
decrease in phosphorus absorption occurred when the fertilizer and 
trifluralin were placed in the same zone. In certain instances, 
phosphorus uptake was increased when placed in a different zone than 
the herbicide. Barnes and Krieg (1973) reported an interaction between 
trifluralin and potassium nitrate concentration on tomato seeding 
growth. The addition of potassium nitrate to a hydroponic solution was 
able to overcome the inhibition of growth due to trifluralin. 
Conclusions The following research had two primary 
objectives. The first was to determine the effects of trifluralin 
carryover on corn growth and yield under Iowa conditions. "The majority 
of previous literature reporting trifluralin carryover injury has 
involved crops other than corn, primarily sorghum (Miller et al., 1975; 
Schweizer and Holstun, 1966; Wiese et al., 1969). Fink (1972) reported 
that sorghum was more susceptible to trifluralin than corn. Due to 
differences in soils, climates and susceptibility of rotational crops, 
it is difficult to use previously reported trifluralin carryover data 
to determine tte potential for injury to corn grown under Iowa 
conditions. In addition to determining the susceptibility of corn to 
trifluralin carryover, the potential impact of various tillage systems 
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on carryover occurrence was investigated. Significant changes in the 
amount of tillage used for seedbed preparation have occurred in the 
past ten years. Tillage has been shown to affect the residual activity 
of atrazine and other herbicides (Burnside, 1972; Wicks and Burnside, 
1965). The effect of three tillage systems commonly used by Iowa 
producers on the occurrence and severity of trifluralin carryover 
injury was investigated. 
The second objective of the research was to determine the effects 
sublethal concentrations of trifluralin on corn nutrition. The 
morphological aspect of trifluralin injury on root development has been 
thoroughly reported (Haiskaylo and Amato, 1968; Mallory and Bayer, 
1972; Standifer and Thomas, 1965). However, there has been little work 
conducted that has investigated the impact of this root response on the 
physiology of the whole plant. Because root growth is critical for 
absorption of many essential elements, it is likely that the 
nutritional status of susceptible plants would be significantly 
affected by trifluralin injury. 
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CHAPTER I. EFFECTS OF TILLAGE ON TRIFLURALIN RESIDUE CARRYOVER INJURY 
TO CORN (Zea mays L.) 
Introduction 
Trifluralin has been an important herbicide in soybean production 
for over 20 years. In Iowa alone, more than six million acres of 
soybeans were treated with trifluralin in 1985 (Wintersteen and 
Hartzler, 1985). The majority of soybean fields in Iowa and the United 
States are rotated to corn the following growing season. Despite the 
long history of trifluralin use, there continues to be concern over the 
potential for trifluralin residue carryover injury to corn. 
The potential for carryover injury is determined by a herbicide's 
longevity and the susceptibility of the rotational crop to the 
chemical. The persistence of trifluralin under field conditions is 
dependent upon several factors, including temperature (Horowitz et al., 
1974), soil moisture content (Kearney et al., 1976; Messersmith et al., 
1971; Probst et al., 1967) and soil type (Savage, 1978). In a survey 
of soils from throughout the United States, Parka and Tepe (1969) 
reported that the majority of samples contained from one to eight 
percent of the original amount of trifluralin applied when sampled at 
the end of the growing season. Rahman (1977) reported that phytotoxic 
trifluralin residues remained at only five of 43 New Zealand sites 
evaluated six months following application of one kg/ha trifluralin. 
Trifluralin residue carryover injury has been reported on wheat (Fink, 
1972), oats (Schweizer and Holstun, 1966), sorghum (Abernathy and 
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Keeling, 1979; Fink, 1972; Miller et al., 1975; Wiese et al., 1969) and 
corn (Fink, 1972; Fuerst et al., 1987; Hartzler et al., 1984). 
In recent years there have been significant changes in the types 
of tillage used in row crop production. Soil temperature (Bennett et 
al., 1973; Griffith et al., 1973), moisture content (Bennett et al., 
1973; Moody et al., 1963) and bulk density (Gantzer and Blake, 1978) 
have been shown to change in response to reductions in tillage. The 
susceptibility of plants to trifluralin is affected by temperature, 
moisture (Hawxby et al., 1972) and soil compaction (Martin et al., 
1965). Tillage used to prepare seedbeds for rotational crops may also 
affect the distribution of trifluralin residues in the soil profile. 
Thus, changes in tillage might affect the potential for trifluralin 
carryover injury. 
Field studies were conducted to determine the effects of residual 
trifluralin on corn growth and yield under Iowa growing conditions. 
The effects of three tillage systems for corn production were evaluated 
to determine the influence of tillage on carryover Injury. 
Materials and Methods 
A series of two-year experiments were conducted from 1983 through 
1985 in central and northeast Iowa. A split plot design with four 
replications was utilized for all experiments. Tillage systems 
comprised the main plot with trifluralin rates as the split plots. 
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Individual plots were 6.1 m by 9.1 m and consisted of eight rows spaced 
at 0.76 m. 
In the first year of the studies, trifluralin was applied at 0, 
1.1, 2.2 and 4.5 kg/ha. Trifluralin was incorporated to a depth of 
approximately seven cm immediately following application, and the 
experimental area was planted to soybeans. Three tillage systems with 
varying degrees of soil mixing were used to prepare seedbeds for corn 
planting during the second year of the studies. The most intensive 
tillage system was composed of fall moldboard plowing followed by 
spring disking. Fall chisel plowing with spring disking was selected 
as the intermediate tillage treatment, while no-till was the third 
tillage system. Main plots requiring fall tillage were plowed 
following soybean harvest and disked with a tandem offset disk prior to 
planting corn the following spring. After corn planting, tte entire 
experimental area was treated with 1.1, 3.4 and 2.2 kg/ha of glyphosate 
{N-(phosphonomethyl)glycine}, alachlor {2-chloro-N-(2,6-diethylphenyl)-
N-(methoxymethy1)acetamide} and cyanazine (2-[{4-chloro-6-(ethylamino)-
1,3,5-triazin-2-yl}amino]-2-raethylpropanenitrile), respectively. All 
herbicides were applied with a tractor mounted sprayer in 281 L/ha 
water. Specific procedures for individual experiments are detailed 
below. 
Ames, 1983-84 
Trifluralin was applied on June 26, 1983 and incorporated with two 
parallel passes of a tandem disk operating at approximately 15 cm. The 
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soil was a Clarion silty clay loam (fine-loamy, mixed, mesic Typic 
Haplaquall) with five percent organic matter. The experiment was 
treated with 0.3 kg/ha, 1.1 kg/ha and 2.3 L/ha of fluazifop-butyl {(+)-
butyl 2-[4-[ {5-( trifluoromethyl )-2-pyridinyl}oxy]phenoxy]propanoate}, 
bentazon {3- ( 1 -me thy le thy 1 ) -1H-2,1,3-benzothiadiazin-4 ( 3H ) -one 2,2- • 
dioxide} and crop oil concentrate, respectively on July 15. 
Pioneer 3732 corn was planted 4.5 cm deep on May 26, 1984 at a 
population of 60,500 seeds/ha. Fertilizer included 143 kg/ha actual 
nitrogen as a 28 percent solution, 66 kg/ha PpO^  and 99 kg/ha KgO. 
Atrazine plus crop oil concentrate (2.8 kg/ha + 2.3 L/ha) was applied 
post-directed on June 29. The center six rows of the plots were 
machine harvested on October 22, 1984. 
Nashua, 1983-84 
Trifluralin was applied and incorporated with two parallel passes 
of a field cultivator, and soybeans were planted on June 1, 1983. The 
soil was a Kenyon loam (fine, loamy, mixed, mesic Typic Hapludoll) with 
four percent organic matter. Pioneer 3747 corn was planted on May 10, 
1984 at a depth of 3.8 cm and a population of 62,000 seeds/ha. 
Fertilizer included 165 , 20 and 20 kg/ha nitrogen as anhydrous ammonia, 
P2O5 and KgO, respectively. The field was row cultivated approximately 
four weeks after planting during both years of the study. The center 
six rows of corn were machine harvested on October 30, 1984. 
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Ames, 1984-83 
Trifluralin was applied and incorporated with two parallel passes 
of a field cultivator on May 16, 1984. The soil and fertilization 
program were similar to that in the previous Ames study. The field was 
sprayed with 0.3 kg/ha, 1.1 kg/ha and 2.3 L/ha fluazifop-butyl, 
bentazon and crop oil concentrate, respectively on June 14. Pioneer 
3540 corn was planted'4.5 cm deep at a population of 54,000 seeds/ha on 
May 10, 1985. On May 23, 0.16 kg/ha fenvalerate {cyano(3-
phenoxyphenyl ) me thy 1-4-chloro-a Ipha- ( 1 -methylethyl )benzeneacetate} was 
applied for control of black cutworm (Agrotis ipsilon Hufnagle). Corn 
was machine harvested on October 16,1985. 
Nashua, 1984-85 
Trifluralin was applied on May 24, 1984 and incorporated with two 
parallel passes of a field cultivator. The soil and fertilization 
program were the same as the 1983-84 Nashua study. The field was row 
cultivated once following planting of soybeans. Pioneer 3732 corn was 
planted at a population of 62,000 seeds/ha at a depth of 3.8 cm on May 
7, 1985. The field was row cultivated once and machine harvested on 
November 4, 1985. 
Data Collected 
Similar data were collected for all experiments. Population 
counts and visual root ratings were taken approximately four weeks 
after planting. Two plants from each plot were carefully dug from the 
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field in order to maintain the integrity of the root system. Plants 
were brought to the laboratory, soil washed from the roots and roots 
visually rated. A zero to five scale was used, with zero indicating 
normal root morphology and five indicating no root elongation. Shoot 
height and dry weight measurements were gathered throughout the growing 
season at approximately two week intervals beginning three weeks after 
planting. The heights of four plants per plot were measured from the 
soil line to the tip of the tallest extended leaf. Two plants per plot 
were severed at the soil line and oven dried to obtain shoot dry 
weights. Data were sujected to an analysis of variance statistical 
procedure. 
In 1984, soil samples were taken immediately prior to planting of 
corn at both locations for analysis of trifluralin residues. Eight 
soil cores per plot were taken to a depth of 15 cm. The cores were 
divided into two samples representing soil profile depths of 0-7.5 cm 
and 7.5-15 cm. The samples were frozen until being submitted for 
analysis. Trifluralin was extracted from soil with acetonitrile and 
purified using column chromatography. Residues were measured by gas 
chromatography using an electron capture detector. 
Results and Discussion 
There were significant differences between locations and years for 
all growth parameters monitored; thus data from individual experiments 
are presented. Because there was not a significant interaction between 
trifluralin rate and tillage for most measurements, imans of three 
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tillage systems and four herbicide rates were pooled to evaluate 
effects of herbicide rate and tillage, respectively. Where a 
significant interaction between herbicide rate and tillage was found, 
individual treatment mans are presented. 
Com populations were not affected by trifluralin carryover at any 
of the rates evaluated (Table 1-1). Wiese (1969) reported stand 
reductions in sorghum due to trifluralin carryover, but surviving 
plants were able to compensate for stand losses by increased tillering 
and no yield reductions were observed. The lack of stand loss is 
important because corn yields are population sensitive and a reduction 
in stand counts would indicate a potential decrease in yield potential. 
Root rating data are presented in Table 1-2. Significant root 
stunting was observed at the 4.5 kg/ha rate in all experiments and at 
the 2.2 kg/ha rate at Ames in 1984. Ttere was no visible stunting of 
corn roots due to trifluralin carryover from 1.1 kg/ha. Root 
morphology was affected by tillage at Nashua during both years, with 
less branching and shorter roots in reduced tillage systems. 
Similar reductions in shoot heights were observed in all four 
experiments (Table 1-3). Trifluralin at 1.1 kg/ha did not affect shoot 
growth in any of the experiments. At the higher rates of trifluralin, 
maximum relative reductions in height when compared to the untreated 
control were seen five to eight weeks after planting. Although 
significant height reductions were still observed at the final sampling 
date (12 weeks after planting), the relative height reduction decreased 
significantly as the season progressed. In the combined analysis of 
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Table 1-1. Effect of trifluralin residue from previous season's use 
on corn populations 
Location 
Treatment Ames, 84 Ames, 85 Nashua, 84 Nashua, 85 Mean 
CfTn 
. plants/ha) Trifluralin^  
(kg/ha) 
56,600 0 55,300 52,200 
48,300 
55,800 54,500 
1.1 55,200 57,300 54,600 52,100 
2.2 56,600 49,100 
46,900 
57,100 57,600 54,600 
4.5 56,800 54,700 55,800 53,700 
LSD^ 05 NS NS NS NS NS 
Tillage^  
56,600 56,600 Moldboard 52,300 56,200 54,900 
Chisel 55,900 48,800 
46,200 
56,500 56,600 54,000 
No-till 54,500 55,900 55,400 52,900 
NS NS NS NS 1,600 
T^rifluralin means are pooled values of three tillage systems. 
T^illage means are pooled values of four trifluralin rates. 
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Table 1-2. Effect of trifluralin carryover and tillage system 
on corn root development 
Treatment 
Root Rating® 
Location 
Ames 1984 Nashua 1984 Nashua 1985 
Trifluralin^  
(kg/ha) 
0 
1 . 1  
2.2 
4.5 
LSD^ 05 
Tillage^  
Moldboard 
Chisel 
No-till 
^^ .05 
0.5 
1.0 
1.6 
2.7 
0.7 
1.1 
1.5 
1.7 
NS 
(0-5) 
0.5 
0.6 
.0.9 
1.8 
0.5 
0.2 
1 . 1  
1.4 
0.4 
0.1 
0.3 
0.6 
1.8 
0.6 
0.5 
0.5 
1 . 2  
0.5 
0-5 scale: 0 = normal root development, 5 = no root growth. 
trifluralin neans are pooled values of three tillage 
treatments. 
'tillage means are pooled values of four trifluralin rates. 
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Table 1-3. Effect of trifluralin residue from previous season's use 
on corn height 
Corn Height^  
Trifluralin Weeks After Planting 
3 5 8 10 12 
(kg/ha) / \ 
Ames, 1984 
0 26.9 73.9 160.1 238.0 247.7 
1.1 25.1 (94) 73.1 (99) 156.4 (98) 238.5 (100) 248.1 (100) 
2.2 24.3 (91) 68.4 (93) 146.8 (92) 234.8 (99) 242.6 (98) 
4.5 19.5 (73) 54.2 (74) 115.5 (72) 213.8 (90) 232.1 (94) 
"^ .05 1.5 4.3 7.8 6.6 5.0 
'Ames, 1985 
Ô 17.1 37.8 104.4 154.2 215.2 
1.1 16.5 (98) 36.1 (97) 107.2 (103) 160.8 (104) 217.8 (101) 
2.2 13.9 (81) 31.5 (84) 94.3 (90) 147.9 (95) 208.3 (97) 
4.5 14.8 (87) 29.5 (80) 90.8 (87) 146.1 (95) 203.6 (95) 
^^ .05 1.8 4.2 7.2 10.5 NS 
Nashua, 1984 
0 21.0 65.9 155.2 233.6 274.0 
1.1 21.0 (100) 69.0 (105) 156.5 (100) 229.0 (98) 274.9 (100) 
2.2 20.0 (95) 61.8 (94) 145.3 (94) 224.8 (96) 269.3 (98) 
4.5 18.0 (86) 50.3 (76) 131.7 (85) 211.8 (91) 266.2 (97) 
^^ .^05 1.3 4.3 7.5 7.2 5.7 
Nashua, 1985 
0 21.4 49.3 122.2 209.8 238.9 
1.1 21.7 (101) 49.3 (100) 124.5 (102) 212.7 (101) 238.4 (100) 
2.2 21.0 (98) 46.0 (93) 118.4 (97) 208.6 (99) 234.5 (98) 
4.5 18.1 (84) 38.2 (77) 93.8 (77) 178.0 (85) 224.1 (94) 
°^.05 2.2 3.8 10.4 12.7 10.0 
Combined analysis 
5 21.6 56.7 135.5 208.9 244.0 
1.1 21.1 (98) 56.9 (100) 136.1 (100) 211.3 (101) 244.3 (100) 
2.2 19.8 (92) 51.9 (92) 126.2 (93) 203.6 (97) 237.5 (97) 
4.5 17.6 (81) 43.0 (76) 108.0 (80) 187.9 (90) 232.7 (95) 
LSD 05 1.0 2.7 4.9 5.4 4.9 
e^ight measured to tip of longest extended leaf, 
e^ans are pooled values of three tillage systems. 
Percent of control values are in parentheses. 
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Table 1-4. Effect of trifluralin residue from previous season's use 
on corn shoot dry weight 
Shoot Dry Weight®»*^  
Trifluralin Weeks After Planting 
3 5 8 10 12 
(kg/ha) (g) \&J 
Ames 1984 
0 0.48 7.2 51.9 114.0 262.6 
1.1 0.42 (86) 6.6 (91) 49.5 (95) 109.2 (96) 248.5 (95) 
2.2 0.32 (82) 4.5 (61) 43.3 (83) 105.1 (92) 242.3 (92) 
4.5 0.30 (61) 2.2 (31) 26.1 (50) 79.7 (70) 198.5 (76) 
^0.05 0.09 2.3 6.7 15.2 35.0 
Ames 1985 
0 0.35 3.5 34.2 59.1 123.8 
1.1 0.32 (91) 3.2 (91) 37.6 (110) 63.8 (108) 106.2 (86) 
2.2 0.30 (86) 1.9 (54) 32.2 (94) 54.5 (91) 112.7 (91) 
4.5 0.25 (71) 2.2 (63) 27.4 (90) 50.2 (85) 112.0 (90) 
0.04 0.6 NS NS NS 
Nashua 1984 
0 0.29 5.1 40.0 105.2 168.6 
1.1 0.20 (100) 5.5 (107) 39.4 (101) 102.6 (98) 169.2 (100) 
2.2 0.26 (90) 4.3 (83) 37.8 (94 102.4 (97) 165.6 (98) 
4.5 0.24 (89) 3.1 (61) 28.3 (71) 78.0 (74) 159.7 (95) 
0.04 0.5 5.1 13.1 NS 
Nahua 1985 
0 0.28 3.0 - 93.2 145.8 
1.1 0.28 (100) 3.4 (100) - 88.0 (94) 131.2 (90) 
2.2 0.25 (89) 2.7 (90) - 84.7 (91) 136.2 (93) 
4.5 0.18 (64) 2.0 (67) - 69.3 (74) 114.5 (79) 
0.05 0.4 - 13.1 25.8 
Combined analysis 
36.3 0 0.35 4.3 92.9 175.2 
1.1 0.33 (94) 4.3 (100) 35.9 (99) 90.9 (98) 163.8 (93) 
2.2 0.30 (86) 3.1 (72) 32.5 (90) 86.7 (93) 165.4 (94) 
4.5 0.24 (69) 2.1 (50) 22.7 (63) 69.3 (75) 146.2 (83) 
0.03 0.5 3.9 7.1 13.1 
M^eans are pooled values of three tillage systems. 
P^ercent of control values are in parentheses. 
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the four studies, the 4.5 kg/ha of trifluralin shoot heights were 
reduced 45 percent five weeks after planting compared with only a five 
percent reduction twelve weeks after planting. Although the respective 
reductions in corn shoot weights were greater than the corresponding 
reductions in shoot heights, the response to herbicide rate and 
sampling dates was similar (Table 1-4). Tilla^  systems significantly 
affected corn height throughout the growing season at three of the four 
studies (Table 1-5). 
In 1984 at Nashua, a significant interaction between trifluralin 
rate and tillage method was observed (Table 1-6). The severity of corn 
root injury due to trifluralin decreased as the intensity of tillage 
increased. There was no significant root injury at any trifluralin 
rate in the moldboard plow treatment. In the chisel plow treatment, 
root stunting was observed only at the 4.5 kg/ha rate, whereas in no-
till areas, injury was seen at both the 2.2 and 4.5 kg/ha trifluralin 
rate. A similar interaction between trifluralin rate and tillage 
system was observed with corn height measurements. At the 4.5 kg/ha 
trifluralin rate, shoot heights five weeks after planting were reduced 
14, 24 and 45 percent in the moldboard plow, chisel plow and no-till 
plots, respectively. The interaction between trifluralin and tillage 
in corn height was not significant at later sampling dates. 
Corn yields were not significantly affected by carryover from 1.1 
or 2.2 kg/ha trifluralin (Table 1-7). In 1984, 4.5 kg/ha trifluralin 
reduced yields 16 and 8 percent at Ames and Nashua, respectively. No 
yield reductions due to trifluralin were observed at either site in 
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Table 1-5. Effect of tillage systems on corn height 
Corn Height®'^  
Tillage Weeks After Planting 
5 5 8 10 12 
Ames 1984 
— (cm) — 
Moldboard 23.8 64.4 149.7 234.8 250.0 
Chisel 23.5 68.1 145.4 232.8 243.3 
No-till 24.6 69.7 139.0 226.3 234.7 
LSD ^05 NS 3.8 6.8 5.7 4.3 
Ames 1985 
Moldboard 18.3 34.4 101.4 169.0 216.3 
Chisel 15.7 34.9 100.4 155.7 214.1 
No-till 12.8 31.8 95.7 150.8 203.4 
:^ .05 1.5 NS NS NS 12.4 
Nashua 1984 
Moldboard 21.8 68.5 155.9 . 230.1 271.5 
Chisel 19.3 61.9 148.3 226.8 275.3 
No-till 18.9 54.9 137.2 217.6 266.6 
:^.05 1.1 3.7 6.5 6.2 4.9 
Nashua 1985 
Moldboard 23.4 51.1 132.5 218.9 243.0 
Chisel 19.7 43.9 109.4 199.5 235.1 
No-till 18.5 42.1 102.3 188.6 223.8 
^.05 1.9 3.3 9.0 10.5 8.7 
Combined analysis 
Moldboard 21.8 55.5 134.9 209.3 245.2 
Chisel 19.5 51.3 125.9 203.7 241.9 
No-till 18.7 49.7 118.6 195.8 232.1 
LSD.05 0.8 2.3 4.3 4.7 4.3 
H^eight measured to tip of longest extended leaf. 
M^eans are pooled values of four trifluralin rates. 
Table 1-5. Interaction between tillage systems and trifluralin residue from previous season's 
use on corn growth. Nashua, 1984 
Root Rating^ Shoot Height° 
Trifluralin Tillage System Tillage System 
Moldboard Chisel No-Till Moldboard Chisel No-Till 
63.2 (3.1) 
65.1 (3.3) 
56.5 (4.0) 
34.6 (5.9) 
0^-5 scale: 0 = normal root development, 5 = no root growth. 
S^tandard error of means are in parentheses. 
'^ Height measured to tip of longest extended leaf. 
(kg/ha) (0-5) (cm) 
0 0.12 (.12) 0.75 (.32) 0.52 (.37) 69.1 (2.3) 65.4 (2.5) 
1.1 0.25 (.25) 0.87 (.24) 0.52 (.37) 73.4 (2.4) 68.4 (2.6) 
2.2 0.50 (.20) 0.52 (.37) 1.50 (.35) 54.8 (4.3) 64.0 (1.4) 
4.5 0.25 (.25) 2.12 (.55) 3.00 (.35) 66.3 (1.9) 49.9 (3.5) 
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Table 1-7. Effect of trifluralin carryover and tillage on corn grain 
yields 
Treatment 
Location® 
Ames, 84 Ames, 85 Nashua, 84 Nashua, 85 Means 
Trifluralin® (Mg/ha) 
(kg/ha) 
6.6 6.3 0 5.4 7.4 6.0 
1.1 6.6 5.9 7.2 5.9 6.4 
2.2 6.7 5.8 7.1 5.7 6.4 
4.5 5.6 5.7 6.8 5.7 5.9 
LSD,05 0.5 NS 0.4 NS 0.3 
Tillage^  
6.8 6.2 6.6 Moldboard 6.2 7.2 
Chisel 6.6 5.6 7.0 6.0 6.3 
No-till 5.7 5.3 7.2 5.5 5.9 
.^05 0.4 0.5 NS 0.3 0.2 
%eans are pooled values of three tillage treatments. 
Hîeans are pooled values of four trifluralin rates. 
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1985. Mo-till corn yields were significantly less than the tnoldboard 
plowed areas in three of the four studies, regardless of herbicide 
treatments. 
Monthly precipitation amounts for the two locations during the 
course of the experiments are presented in Table 1-8. Zimdahl and 
Gwynn (1977) reported that trifluralin persistence was inversely 
related to soil moisture content, thus less carryover injury might be 
expected following wet years. Although rainfall in 1983 was 
significantly greater than normal at both locations, much of the excess 
rainfall occurred in May and June prior to trifluralin application. 
The relative reductions in corn growth and yields among the four 
experiments were greatest at Ames in 1984, despite the fact that this 
location received the greatest amount of rain between the tiœ of 
trifluralin application and corn planting. Possible explanations for 
this might be the delayed application of trifluralin due to the wet 
spring in 1983 or the extended wet period in Ames in 1984 following 
corn planting. Hawxby et al. (1972) reported increased levels of 
trifluralin injury on peanuts growing in saturated soils. All 
experiments were located on well-drained areas of fields where extended 
periods of flooding would not occur despite heavy rainfall. Probst et 
al. (1967) reported that rapid trifluralin degradation occurred in 
flooded soils, but that little difference in persistence was observed 
in soils maintained at 0, 50 and 100 percent of field capacity. Rahman 
(1977) also reported that trifluralin persistence at several sites was 
not affected to any appreciable extent by the amount of rainfall. 
Table 1-8. Monthly precipitation amounts at two Iowa locations 
Loc Year Jan Feb Mar Apr May Jun 
(cm) 
Ames 1983 2.21 1.96 9.32 8.00 15.77 23.16 
Ames 1984 1.30 2.06 2.97 17.35 12.85 16.71 
Ames 1985 0.89 2.36 5.82 3.10 3.23 8.61 
Ames Normal 1.88 2.41 5.26 8.64 11.10 12.98 
Nashua^  1983 2.08 3.56 7.14 6.32 26.14 17.78 
Nashua 1984 0.91 2.56 5.36 10.64 9.68 9.68 
Nashua 1985 1.50 2.87 5.84 5.97 6.40 9.68 
ChasC. Normal 2.13 2.34 • 5.51 8.48 10.41 11.86 
D^ecember through March readings taken at Charles City, 
11 miles northwest of Nashua farm. 
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Jul Aug Sep Oct Nov Dec Total 
— (cm)— 
9.73 10.67 8.08 15.87 13.84 0.89 119.51 
8.64 0.79 10.13 9.22 5.23 4.32 91.51 
3.56 12.90 10.24 8.71 1.68 3.25 89.71 
8.76 9.88 8.15 5.87 3.38 2.18 80.49 
8.48 5.94 25.50 7.19 11.53 2.46 124.12 
6.20 3.23 6.76 14.58 3.30 3.53 76.43 
2.54 9.80 18.54 6.50 5.92 3.96 79.52 
0.69 10.49 9.14 5.89 3.66 2.59 83.21 
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Trifluralin concentrations remaining in the soil at corn planting 
in 1984 was directly proportional to the rate applied the previous 
season (Table 1-9). The majority of residue was found in the upper 7.5 
cm of soil. Although the mean concentration of trifluralin residue in 
the upper 15 cm of soil did not differ among the three tillage systems, 
the distribution of residues within the soil profile was significantly 
affected by tillage. In the chisel plow and no-till plots, the 
majority of residue was found in the upper 7.5 cm of the soil profile. 
In the moldboard plow area, the trifluralin residues were evenly 
distributed throughout the sample depth due to the inversion and mixing 
of the soil resulting from the tillage treatment. 
The correlation coefficients for the relationship between 
trifluralin concentrations and root injury ratings are given in Table 
1-10. The severity of corn injury was most strongly correlated with 
the amount of trifluralin found in the upper 7.5 cm of soil. The level 
of root stunting observed was poorly correlated to the concentration of 
trifluralin found in the lower portion of the soil profile. At Nashua, 
the amount of injury was inversely related to the trifluralin 
concentrations at the 7.5-15 cm depth. These findings help explain the 
interaction between tillage and trifluralin carryover observed at 
Nashua in 1984 (Table 1-6). Moldboard plowing thoroughly mixed the 
remaining trifluralin residues throughout the plow layer. The dilution 
of the residues throughout the plow layer apparently reduced the 
trifluralin concentration below the threshold level for corn injury. 
The chisel plow/disk treatment did not significantly redistribute 
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Table 1-9. Effect of trifluralin rate and tillage on trifluralin 
residues twelve months following application at two 
Iowa locations 
Ames Nashua 
Soil Depth (cm) Soil Depth (cm) 
Treatment 0-7.5 7.5-15 Mean 0-7.5 7.5-15 Mean 
Trifluralin^  
(kg/ha) •u 
0 NDRO NDR NDR NDR NDR NDR 
1.1 0.12 0.04 0.08 0.07 0.01 0.04 
2.2 0.15 0.05 0.10 0.14 0.02 0.08 
4.5 0.36 0.10 0.23 0.24 0.05 0.15 
LSD.05 0.06 0.03 0.04 0.06 0.02 0.03 
Tillage^  
0.06 Moldboard 0.13 0.10 0.11 0.06 0.06 
Chisel 0.14 0.02 0.08 0.11 0.00 0.06 
No-till 0.20 0,02 0.11 0.16 0.00 0.08 
LSD.05 0.05 0.03 NS 0.05 0.01 NS 
T^rifluralin means are pooled values of three tillage systems. 
= no detectable residue. 
'tillage means are pooled values of four trifluralin rates. 
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Table 1-10. Correlation coefficients for relation between root ratings 
and trifluralin concentrations at different depths of the 
soil profile 
Pearson's Correlation Coefficient 
Location Soil Depth (cm) 
0-7.5 7.5-15 0-15 
Ames 0.68 0.30 0.65 
Nashua 0.75 -0.20 0.63 
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trifluralin residues vertically in the soil profile. The lower degree 
of root injury found in chisel plowed areas might be due to lateral 
dispersion of residues in the soil or changes in the soil 
microenvironraent brought on by tillage. 
In all four experiments, corn demonstrated an ability to recover 
from severe trifluralin injury early in the season. This ability is 
probably due in part to the limited mobility of trifluralin in both 
plants and soil (Menges and Hubbard, 1970; Strang and Rogers, 1971). 
Because trifluralin is relatively immobile in soil, the majority of the 
herbicide remains within the depth that it was incorporated (Table I-
9). Therefore, only a small percentage of the soil in which the roots 
of Oom extract water and minerals contains phytotoxic trifluralin 
residues. Corn roots that penetrate the thin zone of contaminated soil 
near the surface are able to grow unimpeded by the chemical. There was 
no evidence of necrotic roots in these experiments, only swelling and a 
reduction in root growth rate. There is also little translocation of 
trifluralin within plants, thus only those roots coming in contact with 
the herbicide would be affected. The observed inhibition of growth was 
brought on by the stunting of roots developing in the vicinity of seed 
placement. Roots of plants growing in areas containing trifluralin 
eventually would reach the deeper soil not containing trifluralin and 
then resume normal growth. 
In conclusion, these studies indicate that under Iowa growing 
conditions trifluralin applied at labeled rates should not pose a 
serious threat to corn planted the following year. Carryover injury 
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was observed at the higher rates of trifluralin. It is not unusual for 
sprayer operators to overlap spray patterns during the application of 
agricultural chemicals. Non-uniform mixing of soil during herbicide 
incorporation can also lead to localized areas of high herbicide 
concentration. In these areas, symptoms of trifluralin carryover are 
likely to appear. The percent reduction in corn growth due to 
trifluralin decreased as the season progressed. The observation of 
trifluralin injury early in the growing does not necessarily indicate a 
potential yield decrease since corn demonstrated the ability to recover 
from early season stunting and also since stands were not affected by 
the levels of carryover experienced in these studies. Finally, 
reductions in the amount of tillage used for seedbed preparation can 
influence the potential for carryover injury. Tillage systems that 
thoroughly mix the soil deeper than the depth of herbicide 
incorporation may dilute trifluralin residues and thus decrease the 
risk of trifluralin injury to rotational crops. 
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CHAPTER II. EFFECTS OF TRIFLURALIN ON œRN GROWTH AND MINERAL 
NUTRITION 
Introduction 
Trifluralin and other dinitroaniline herbicides have been 
important components of soybean production systems for nearly 20 years 
(Klingman and Ashton, 1982). Trifluralin is primarily utilized as a 
preplant incorporated herbicide due to its low water solubility and 
susceptibility to volatilization and photodegradation losses when left 
on the soil surface. The dinitroaniline herbicides are primarily 
active on annual grasses, but the herbicides also provide control of 
certain small seeded broadleaf weeds. 
Trifluralin injury to susceptible plants is manifested by an 
inhibition of mitosis (Bartels and Hilton, 1973; Lignowski and Scott, 
1972). The disruption of mitosis by trifluralin is due to interference 
in the production of microtubules from tubulin subunits (Hess and 
Bayer, 1974). The most obvious symptom of injury is a radial expansion 
of exposed root tips. An inhibition of lateral root development is 
another commonly observed symptom. (Standifer and Thomas, 1965). There 
is little movement of trifluralin within plants, thus foliar symptoms 
observed on plants are secondary responses due to the disruption of the 
root system (Strang and Rogers, 1971). 
Several studies have indicated that trifluralin may carryover into 
the following growing season at concentrations capable of causing 
injury to rotational crops. Carryover injury has been reported on corn 
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(Fink, 1972), sorghum (Abernathy and Keeling, 1979; Wiese et al., 1969) 
and oats (Schweizer and Holstun, 1966). Due to the widespread use of 
trifluralin in the northern Com Belt there is concern over the 
potential for carryover injury to corn in Iowa. 
While the affects of sublethal trifluralin concentrations on crop 
growth and yields have been reported, there is little information 
available regarding the physiological responses of susceptible species 
to low levels of trifluralin. Since a disruption of root elongation 
and development is the primary response of plants to trifluralin, a 
subsequent disturbance in root related physiological processes would be 
expected. A purple coloration of corn foliage, similar to phosphorus 
deficiency symptoms, and wilting are two symptoms frequently reported 
in fields where trifluralin carryover is suspected. 
A disruption in mineral and water balance of injured plants could 
be due to a reduction in root surface area, a disruption of the 
absorption process, or a combination of the two factors. Since water 
absorption by roots is a passive process, any reduction in water 
absortion is likely directly related to the reduction in root surface 
area. Root elongation is important in mineral absorption, especially 
for minerals such as phosphorus that are relatively immobile in the 
soil profile (Brewster and Tinker, 1970). The reduction in root growth 
rates caused by trifluralin is likely to affect absorption of nutrients 
for which interception of the ions by root elongation is important. 
Mineral absorption is an active process involving carrier proteins 
located on the plasmalemma (Epstein, 1961). The disruption of root 
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morphology by trifluralin might affect the numbers of carrier molecules 
present on tte cellular membrane or the efficiency of these proteins. 
Several herbicides have been found to disrupt the nutrition 
balance of susceptible plants. Cathey and Sabbe (1972) reported 
reductions in phosphorus absorption of soybean and cotton roots growing 
in soil containing trifluralin. An interaction between trifluralin and 
potassium nitrate concentrations in hydroponic solutions was observed 
in tomato seedlings (Barnes and Kreig, 1973). Atrazine (Renosto et 
al., 1979), metolachlor (Ellis et al., 1983) and 2,4-D (Kennedy and 
Stewart, 1980) have also been found to disrupt tte nutritional status 
of plants. 
The research reported here was conducted to develop a better 
understanding of the effects of low trifluralin concentrations on the 
growth and nutritional balance of corn seedlings. 
Materials and Methods 
General 
All experiments were conducted in glasshouses located at Iowa 
State University, Ames, Iowa. A potting media composed of a 
pasteurized 3:1 mixture of a silty clay loam soil and washed sand was 
utilized. The potting media was weighed and placed in 7.5 L clay pots 
and 3 seeds of Pioneer 3732 corn were planted 3.7 era deep. Sunlight 
was supplemented with sodium halide lamps set on a 15 hour day period. 
Temperatures of the glasshouse ranged from 20 to 32 C. Corn was 
thinned to one plant per pot within one week of emergence. A 
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randomized complete block design with four replications was used in all 
experiments. 
Trifluralin was applied to appropriate treatments using a 
commercial trifluralin formulation (Treflan MTF, 479 g trifluralin/L, 
Eli Lilly and Company, Indianapolis, IN). Potting media- was weighed 
and placed in a rotary concrete mixer. A stock solution of trifluralin 
was prepared and sprayed onto the soil during mixing using a hand-held 
atomizer. 
At the termination of an experiment, corn plants were cut at the 
soil surface, dried at 55 C and weighed. In experiments involving root 
measurements, roots were carefully washed from the soil, collected and 
fresh weights taken. Root length was determined utilizing a line 
intersect nethod described by Tennant (1975). A container with a 1*1 
or 2*2 cm grid placed on the bottom was filled with 2 cm water. Roots 
were separated and randomly placed in the container and positioned over 
tte grid with a piece of clear plexiglass. The number of intersects 
between roots and the grid was used to determine root length. Root 
systems of larger plants were divided into several subsamples for 
counting. Accuracy of the procedure was checked using segments of 
thread of a known length. Most experiments were harvested within four 
weeks of planting to minimize the effect of the confined soil volume on 
root growth. 
Phosphorous, potassium, magnesium, calcium and zinc concentrations 
in com tissue were determined using modified procedures of Greweling 
(1977). Oven-dried corn shoots and roots were ground to pass through a 
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40-mesh screen. A 0.25 g sample was then dry ashed at 500 C for a 
minimum of 6 hours. Following ashing, samples were heated in a 1:1 
HCltHgO solution for 3 minutes, filtered and diluted to 50 ml. 
Potassium, magnesium, calcium and zinc concentrations were 
determined using a Perkin-Elmer Model 403 Atomic Absorption 
Spectrophotometer. Phosphorus concentration was determined 
colorimetrically by the ammonium molybdate-ammonium me ta vanadate 
procedure. A corn standard of known mineral composition and a blank 
were carried through all extraction and determination procedures. 
Root growth studies 
Trifluralin was applied at 0.00, 0.25 and 0.50 ppmw evenly 
distributed throughout the soil voluna. The' experiment was terminated 
three weeks after planting. A second experiment was conducted to 
evaluate tte response of corn growth to trifluralin over tine. 
Trifluralin was incorporated in potting media at 0.00, 0.12 and 0.25 
ppmw. Corn was harvested 15, 26 and 34 days after planting. Data 
collected included shoot and root fresh and dry weights, root length 
and tissue mineral analysis. 
Corn hybrid study 
The response of two corn hybrids, Pioneer 3732 and 3475, to 
trifluralin at 0.00, 0.12 and 0.25 ppmw was investigated. Corn was 
harvested 24 days after planting. Data collected included root and 
shoot fresh and dry weights, root lengths and tissue mineral analysis. 
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Soil moisture study 
The effect of two soil moisture regimes on severity of trifluralin 
injury was studied. Trifluralin was applied at 0.00, 0.25 and 0.50 
ppmw. Soil moisture content was monitored using tensioraeters inserted 
to half the soil depth contained in the pots. Tensiometers were placed 
in two pots maintained at each moisture level. The first moisture 
regime was watered every other day in order to maintain soil near field 
capacity. The second moisture regime treatment was only watered when 
soil moisture tensions reached 65 kPa. At this time soil moisture was 
brought to field capacity. 
Leaf transpiration measurements were taken using a Li-Cor 1600 
steady state porometer in order to determine the effect of trifluralin 
on water status of corn seedlings. Porometer readings were taken 
between 12:00 noon and 3:00 pm on days with less than 20 percent cloud 
cover. Pots were removed from the greenhouse and placed out of doors 
at least 30 minutes prior to initiating readings. Measurements were 
taken on the upper and lower surfaces of the youngest leaf with an 
exposed collar. Shoot dry weights and tissue mineral content were 
determined. 
Soil fertility studies 
Experiments were conducted to determine the effects of soil 
fertility levels on trifluralin injury. Soil was treated with 0.00, 
0.12 and 0.25 ppmw trifluralin. . For the low fertility treatment, no 
supplemental nutrients were added to the soil. To establish a high 
fertility level, potting nedia was amended with 0.34 and 0.24 g/kg of 
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KH2P0^  and KNO^  respectively. The salts were dissolved in water and 
sprayed with a hand-held atomizer onto tte potting media and thoroughly 
mixed in a rotary concrete mixer. Shoot dry weights and mineral 
content of shoot tissue were determined. The data presented are the 
means from two experiments. 
Results and Discussion 
Trifluralin at 0.25 and 0.50 ppm significantly affected root and 
shoot growth of corn seedlings (Table II-1). Roots of injured plants 
were swollen with a decrease in lateral root development. Root 
elongation was inhibited to a greater extent than was accumulation of 
dry matter in the roots of corn seedlings. Root weight to shoot weight 
ratios (RW:SW) were directly related to trifluralin concentration in 
the soil. This is an indication of a less efficient root system in 
trifluralin treatments, since plants exposed to trifluralin allocated a 
greater percentage of accumulated dry matter into the root system. 
However, when partitioning of dry matter was expressed on the basis of 
root length to shoot dry weight ratios (RL:SW), the reverse 
relationship was found. Corn plants exposed to trifluralin were able 
to support more shoot dry matter per unit length of root. 
Mineral nutrition status of corn seedlings was significantly 
affected by trifluralin (Table II-2). Phosphorus and potassium 
concentrations of corn shoots were reduced 39 and 46%, respectively, by 
0.25 ppm trifluralin. Zinc concentrations in shoot tissue were also 
decreased by trifluralin, whereas concentrations of magnesium and 
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Table II-1. Effect of trifluralin on partitioning of dry matter 
in corn seedlings 
Shoot Root Root 
RW:SW& Trifluralin Dry Wt Dry Wt Length RL;SW^  
(ppm) (g) (g) (m) 
0.00 4.70 0.90 98.6 0.19 2.09 
0.25 1.75 0.46 8.3 0.47 0.48 
0.50 0.55 0.22 1.9 0.40 0.32 
®^0.05 0.95 0.45 38.6 0.20 0.65 
®RW:SW = root dry wt/shoot dry wt. 
:^SW = root length/shoot dry wt. 
Table II-2. Effect of trifluralin on mineral concentration in corn shoots and roots 
Shoots Roots 
Trifluralin P K Mg Ca Zn P K Mg Ca Zn 
(ppm) (mg/g) (ug/g) (mg/g) (ug/g) 
0.00 2.68 49.0 3.57 7.52 73.1 1.60 17.1 6.51 10.6 146.5 
0.25 1.64 26.4 4.23 8.31 47.6 1.26 11.1 7.28 11.3 79.3 
0.50 1.79 15.2 3.56 8.59 41.3 1.58 7.8 6.88 11.1 73.8 
^^ 0.05 0.76 5.8 NS NS • 14.8 0.26 4.2 NS NS NS 
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calcium were not affected by the herbicide treatments. Concentrations 
of phosphorus and potassium in root tissue were also decreased by 
trifluralin, although to a lesser extent than in shoot tissue. The 
decrease in mineral content was accompanied by a decrease in shoot 
growth; thus total accumulation of phosphorus and potassium was 
inhibited by trifluralin (Table II-3). The quantity of phosphorus and 
potassium absorbed per meter of root was calculated to determine the 
effect of trifluralin on root absorption efficiency. Roots exposed to 
trifluralin were able to absorb a greater amount of phosphorus and 
potassium per meter of length. 
Tte relative rates of root elongation and shoot dry matter 
accumulation in corn seedlings are shown in Figure II-1 and Table II-4. 
There was little difference in root elongation rates between treatments 
during the' course of the study, although trifluralin significantly 
decreased root length. The inhibition in root growth due to 
trifluralin occurred prior to the first sampling date, 15 days after 
planting. The relative growth rate of corn shoots was significantly 
affected, with trifluralin decreasing the rate of dry matter 
accumulation. The delay between root injury and the expression of 
foliar symptoms can be explained by the mode of action of trifluralin 
and the relative importance of roots during seedling growth. The major 
effect of trifluralin on plant growth is an inhibition of root growth 
(Hess and Bayer, 1974; Standifer and Thomas, 1965). There is little 
translocation of trifluralin within plants, therefore any response 
observed on shoots of susceptible plants is due to the decrease in root 
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Table II-3. Effect of trifluralin on phosphorus and potassium 
accumulation and absorption by corn seedlings 
P K 
Trifluralin 
P/shoot P shoot 
m root 
K/shoot K shoot 
m root 
(ppm) (mg) (ug/m) (mg) (mg/m) 
0.00 12.7 135.9 230.4 2.61 
. 0.25 3.0 388.8 46.6 5.89 
0.50 0.9 577.9 8.6 4.74 
3^^ 0.05 3.7 361.0 51.0 2.91 
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Figure II-1. Effect of trifluralin on relative growth rates 
of com shoots and roots 
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Table II-4. Effect of trifluralin on relative growth rates of corn 
shoots and roots - summary of regression analysis 
Shoots Roots 
Trifluralin line r2 line r2 
(ppm) 
0.00 y = 0.067x - 1.39 0.99 y = 0.047 + 2.60 0.97 
0.12 y = 0.060x - 1.42 0.95 y = 0.047 + 2.33 0.91 
0.25 y = 0.054% - 1.37 0.97 y = 0.054.+ 1.76 0.96 
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growth (Strang and Rogers, 1971). During early stages of seedling 
development, plants rely on stored seed reserves for growth thus 
diminishing the importance of root mineral absorption. Young seedlings 
also have a limited leaf area that would create a minimal demand for 
water to maintain transpiration and turgor. Fifteen days after 
planting, exposure to trifluralin resulted in a large decrease in root 
length, but there was only a small decrease in shoot weight. However, 
during the course of the experiment the magnitude of difference in 
shoot weights increased whereas the difference between root lengths 
remained constant. As corn plants increased in size, the expanding 
leaf area required increased amounts of water and nutrients to maintain 
cell function and the importance of an extensive root system increased. 
Trifluralin significantly affected the mineral relations of corn 
plants; there was not a significant interaction between trifluralin 
concentration and sampling date (Table II-5). Phosphorus, potassium 
and zinc concentrations in corn shoots decreased with increasing 
concentrations of trifluralin, whereas the quantity of magnesium and 
calcium in corn tissue was directly related to trifluralin 
concentration. The greater accumulation of magnesium and calcium per 
gram of tissue may be due to a concentration effect brought on by the 
inhibition of corn growth, rather than an increased rate of absorption 
of these minerals. 
The effect of trifluralin and plant age on partitioning of dry 
matter between roots and shoots of corn seedlings is shown in Table II-
6. RW:SW ratios of 0.30, 0.43 and 0.45 were found at 0.00, 0.12 and 
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Table II-5. Effect of trifluralin and plant age on mineral 
concentration of corn shoots 
Treatment P K Mg Ca Zn 
Trifluralin® 
(ppm) (mg/g) (ug/g) 
0.00 2.82 57.1 3.59 5.88 64.1 
0.12 2.27 50.7 3.80 6.27 39.5 
0.25 2.17 36.9 4.24 6.82 36.3 
®^°0.05 0.25 7.0 0.37 0.63 8.4 
Plant age^  
(days) 
15 3.31 51.6 4.17 7.45 65.0 
26 1.85 47.4 3.81 6.14 43.5 
34 2.09 45.8 3.65 5.38 31.4 
L%.05 0.24 6.7 0.37 0.62 8.4 
M^eans are pooled values of three sampling dates, 
e^ans are pooled values of three trifluralin rates. 
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Table II-6. Effect of trlfluralin and plant age on partitioning 
of dry matter and mineral absorption in corn plants 
Treatment RW:S# RL:Swb P shoot 
m root 
K shoot 
ra root 
Trlfluralin^  
(ppm) (ug/m) (mg/ra) 
O.OO 0.30 3.25 96.1 2.07 
0.12 0.43 2.77 83.6 1.99 
0.25 0.45 1.34 162.4 2.80 
LSDo.05 0.09 0.42 21.4 0.47 
Plant Age*^  
(days) 
0.60 15 3.40 125.8 1.88 
26 0.33 2.10 96.3 2.41 
34 0.25 1.87 120.1 2.56 
L%.05 0.09 0.42 21.5 0.47 
®RW:SW = root dry wt/shoot dry wt. 
= root length/shoot dry wt. 
%ean8 are pooled values of three sampling dates. 
'^ Means are pooled values of three trlfluralin rates. 
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0.25 ppm tpifluralin, respectively. The opposite relationship was seen 
in RL:SW ratios, with plants in trifluralin treatments having less root 
length per unit shoot dry matter. Both ratios decreased with plant 
a^ . The quantity of phoshorus and potassium in com shoots per meter 
of root increased significantly at the 0.25 ppm trifluralin rate. 
A significant interaction between trifluralin rate and plant age 
was observed in RL:SW ratios and phosphorus and potassium absorption 
per unit length of root (Table II-7). At early stages of growth, a 
large increase in the quantiiy of nutrient absorbed per unit length of 
root was observed in plants exposed to trifluralin; however, this 
increase in absorption per meter of root diminished during the course 
of the experiment. This response might be due to changes in root 
morphology with time. An increase in root radius increases the 
effective absorptive area of a given length of root, thus trifluralin 
treatments would result in an increase in root surface area per unit 
length of root. The swelling of roots associated with trifluralin 
injury was more pronounced at early than late sampling dates. The 
increase in absorption per meter of root might be due to the increase 
in surface area per mter of root. As the swelling of roots due to 
trifluralin decreased in time, the increase in surface area per unit 
length of root would be lessened. The decline in differences of 
absorbed phosphorus and potassium per meter of root between treatments 
also paralleled the decrease in RL:SW differences over time. At later 
sampling dates, the RL:SW of trifluralin treatments approached those of 
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Table II-7. Interaction between trifluralin and plant age 
on dry raatter partitioning and minerai 
absorption in corn seedlings 
Plant Age® 
Trifluralin 
(ppm) 
15 26 34 
RL:SW^  
0.00 5.06 (0.54) 2.71 (0.26) 2.03 (0.10) 
0.12 . 3.80 (0.12) 2.31 (0.35) 2.21 (0.26) 
0.25 1.39.(0.16) 1.26 (0.02) 1.36 (0.08) 
P shoot/m root 
0.00 75.9 ( 8.0) 86.5 (1.1) 126.0 ( 9.5) 
0.12 89.2 ( 4.6) 81.4 (1.1) 80.3 (15.2) 
0.25 • 212.3 (22.5) 120.8 (5.0) 154.1 (12.7) 
K shoot/m root 
0.00 1.18 (0.14) 2.22 (0.25) 2.80 (0.41) 
0.12 1.54 (0.17) 2.26 (0.31) 2.17 (0.47) 
0.25 2.93 (0.30) 2.75 (0.15) 2.71 (0.23) 
S^tandard error of ne ans are in parentheses. 
:^SW = root length/shoot dry weight. 
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control plants, thus the need for higher levels of absorption per unit 
length of root in the trifluralin treatments was diminished. 
Differences in tolerance to trifluralin between corn hybrids have 
been reported (Davis et al., 1978; Roggenbuck and Penner, 1987). 
Pioneer hybrids 3475 and 3732 are reported to differ in the frequency 
of occurrence and severity of trifluralin carryover injury in the 
field, with Pioneer 3732 suspected of being more susceptible (Personal 
communication. Bob Wych, Pioneer Hy-Bred International Inc., Johnston, 
lA). A greenhouse study was conducted to evaluate differences in 
growth and mineral nutrition of the two hybrids in response to 
trifluralin. Tte effects of trifluralin on root and shoot growth were 
similar to previous experiments (Table II-B). Root dry weight was 
inhibited 30^  by 0.25 ppm trifluralin, whereas root length was 
decreased 84$. Pioneer 3475 accumulated more dry .matter in both roots • 
and shoots and also had a greater root length than Pioneer 3732. 
A significant hybrid by trifluralin rate interaction was observed 
in root weights and root lengths; however, there was not a significant 
interaction in shoot weight (Figure II-2). Root weight and elongation 
of Pioneer 3475 were more sensitive to trifluralin than that of Pioneer 
3732. The low trifluralin rate reduced root lengths of Pioneer 3732 
and 3475 by 54 and 62^ , respectively. The lack of a significant 
interaction in shoot dry weight data might be due to the secondary 
nature of shoot inhibition, therefore decreasing the sensitivity of 
this response. Root lengths of the two hybrids were reduced 53 and 84^  
by 0.12 and 0.25 ppm trifluralin, respectively, whereas shoot weights 
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Table II-8. Effect of trifluralin on partitioning of dry matter 
in two corn hybrids 
Shoot Root Root 
Treatment Dry ¥t Dry Wt Length RWiSWa RL:Swb 
Trifluralin"^  (g) (g) (ra) 
(ppm) 
0.65 0.00 0.89 0.58 53.13 6.07 
0.12 0.64 0.48 22.24 0.75 3.47 
0.25 0.54 0.40 8.57 0.75 1.61 
LSDo.05 0.10 0.06 2.80 0.08 0.56 
Hybrid^  
0.62 3732 0.44 25.12 0.72 3.73 
3475 0.75 0.53 30.84 0.70 3.70 
• ^0.05 0.08 0.05 2.29 NS NS 
®RW;SW = root dry wt/shoot dry wt. 
:^SW = root length/shoot dry wt. 
"^ eans are pooled values of two corn hybrids. 
%eans are pooled values of three trifluralin rates. 
Figure II-2. Differential response of two Pioneer com hybrids 
to trifluralin. Vertical bars represent one 
standard error. 
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were reduced only 28 and 39^  by the same trifluralin rates (Table II-
8). These results contradict the reported greater sensitivity of 
Pioneer 3732 to trifluralin carryover in the field. This confict might 
be due to differences in seedling vigor under the unfavorable growing 
conditions frequently encountered in the field. Pioneer 3732 is 
reported to be sensitive to cool soils (Personal communication, Dean 
Grundman, Iowa State University Extension Integrated Pest Management 
Coordinator, Ames, lA). Poor seedling performance of Pioneer 3732 in 
the field brought on by environmental stresses may te mistakenly 
identified as trifluralin injury. Roggenbuck and Penner (1987) 
reported that trifluralin tolerance of corn hybrids varied with 
specific environmental conditions. It is possible that Pioneer 3732 
might be more susceptible than Pioneer 3475 to trifluralin under 
different environmental conditions than those encountered in the 
glasshouse. 
The concentrations of phosphorus, potassium, magnesium, calcium 
and zinc in corn shoot tissue were reduced by trifluralin (Table II-9). 
The only significant difference found in mineral nutrition between 
hybrids was magnesium concentrations, with Pioneer 3732 having a higher 
concentration than Pioneer 3475. There were no interactions tetween 
hybrids and trifluralin rate on mineral nutrition. 
The effects of trifluralin and soil moisture on leaf transpiration 
rates are presented in Table 11-10. Trifluralin significantly reduced 
transpiration rates at all sampling dates. A significant soil moisture 
affect was observed only at the 14 day sampling date. At this time. 
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Table II-9. Effect of trifluralin on mineral concentration 
of corn shoots 
Treatment P K Mg Ca Zn 
Trifluralin^  
(ppm) 
0.00 
0.12 
0.25 
LSDo.05 
Hybrid^  
3752 
3475 
%^.05 
(mg/g) (ug/g) 
2.01 54.4 2.57 5.72 54.4 
1.51 49.1 2.15 4.79 39.8 
1.45 44.8 1.94 3.92 33.3 
0.11 3.8 0.30 0.90 3.5 
1.68 48.4 2.47 4.56 42.7 
1.64 50.5 1.97 5.06 42.3 
NS NS 0.26 NS NS 
®Means are pooled values of two corn hybrids. 
4^ eans are pooled values of three trifluralin rates. 
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Table 11-10. Effect of trifluralin and soil moisture 
on transpiration rates of corn leaves 
Transpiration 
Treatment Days After Planting 
12 14 21 
Trifluralin® 
(ppra) 
0.00 
0.25 
0.50 
^^ 0.05 
Soil Moisture^ 'C 
362.8 
306.4 
159.4 
96.1 
(ug/cm^ /s) 
457.7 
333.7 
219.1 
97.1 
427.4 
317.0 
255.0 
56.1 
FC 
Stress 
15D, 0.05 
283.3 
269.0 
NS 
399.7 
274.0 
79.3 
340.1 
326.1 
NS 
M^eans are pooled values of two soil moisture regimes. 
M^eans are pooled values of three trifluralin rates. 
treatment watered every other day; 
stress treatment allowed to reach 70 kPa before watering. 
Table 11-11. Effect of trifluralin and soil moisture on growth and 
mineral nutrition of corn seedling shoots 
Concentration 
Treatment Dry Wt P K Mg Ca Zn 
Trifluralin® (g) (mg/g) (ug/g) 
(ppm) 
0.00 3.76 3.84 60.2 2.59 5.45 52.1 
0.25 1.69 1.52 39.2 3.24 6.70 35.5 
0.50 1.00 1.42 24.1 3.18 6.67 26.6 
LSDo.05 0.60 0.35 6.2 0.20 0.78 5.6 
Soil Moisture^  ,c 
FC 2.21 2.35 41.0 3.05 6.53 37.3 
Stress 2.08 2.17 41.4 2.96 6.02 38.9 
°^0.05 NS NS NS NS NS NS 
®Means are pooled values of two soil moisture regimes, 
e^ans are pooled values of three trifluralin rates. 
treatment watered every other day; stress treatment 
allowed to reach 70 kPa before watering. 
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Accumulation 
K Mg Ca Zn 
(mg/plt) (ug/plt) 
14.62 229.2 9.66 20.2 195.9 
2.56 66.3 5.45 11.4 59.8 
1.44 23.8 3.19 6.7 26.4 
2.52 38.9 1.30 3.6 32.0 
6.52 109.2 6.30 13.6 94.8 
5.89 103.7 5.91 12.0 93.2 
NS NS NS NS NS 
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transpiration rates were decreased in the soil moisture stress 
treatment. There was no interaction between soil moisture and 
trifluralin rate at any sampling date. The lack of a soil moisture 
effect at the 12 and 21 day sampling dates is probably due to the 
method used to induce the two soil moisture regimes. Soil moisture 
tensions of 45, 65 and 40 kPa occurred 12, 14 and 21 days after 
planting, respectively, in the stress treatment. The large pots 
buffered soil moisture levels so that plants in tte moisture stress 
treatment were exposed to limited soil moisture only for short periods 
after which the soil was returned to field capacity. The effects of 
trifluralin and soil moisture on corn growth and mineral nutrition are 
presented in Table 11-11. 
The decrease in transpiration observed in trifluralin treatments 
indicates that the water balance of plants has been disrupted due to 
the effect of trifluralin on root growth. The severity of trifluralin 
injury likely would increase under conditions of prolonged soil 
moisture stress, as observed at the second porometer reading. 
The final experiments evaluated the effect of two soil fertility 
levels on the response of corn growth and nutrition to trifluralin. A 
high fertility treatment was created by adding KH^ po^  and KNO^  to the 
potting media. The characteristics of the two soils are listed in 
/ 
Table 11-12. Corn growth and mineral nutrition responses to 
trifluralin were similar to previous experiments (Table 11-13). 
Amendment of soil with phosphorus and potassium significantly increased 
shoot dry weight and phosphorus and potassium concentrations of corn 
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Table 11-12. Chemical characteristics of fertility experiment soils 
Soil pH Organic Matter Avail. P Avail. K 
($) (kg/ha) (kg/ha) 
Low 7.7 3.5 123 462 
High 7.6 3.6 217 836 
Table 11-13. Effect of trifluralin and soil fertility on growth 
and mineral nutrition of corn seedling shoots 
Concentration 
Treatment Dry Wt P K Mg Ca Zn 
Trifluralin® (g) (mg/g) (ug/g) 
(ppra) 
0.00 1.64 3.39 51.1 2.23 4.67 42.5 
0.12 1.36 2.61 48.4 2.37 5.19 38.7 
0.25 1.01 1.78 40.9 2.54 5.47 26.8 
3^^ 0,05 0.12 0.45 1.7 0.22 0.38 2.7 
Fertility^  
Low 1.01 1.87 43.6 2.59 5.48 ' 39.5 
High 1.66 3.31 49.6 2.17 4.73 32.5 
°^0.05 0.09 0.36 1.4 0.18 0.31 2.2 
M^eans are pooled values of two fertility levels, 
e^ans are pooled values of three trifluralin rates. 
%igh fertility soil amended with 172 mg KPLpo. + 
254 nig KNO^  per kg soil. 
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Accumulation 
K Mg Ca Zn 
(mg/plt) (ug/plt) 
5.48 83.7 3.32 7.34 68.9 
3.58 66.2 2.85 6.74 52.5 
1.86 41.9 2.28 5.26 27.6 
0.59 7.2 0.32 0.68 5.8 
1.95 45.3 2.47 5.43 41.7 
5.34 82.6 3.17 7.47 57.7 
0.48 5.9 0.26 0.56 4.8 
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shoots. Concentrations of magnesium, calcium and zinc were reduced in 
the high fertility treatment; however, total accumulation in shoots of 
these minerals was greater in amended soils. This indicates that the 
reduction in tissue concentration of magnesium, calcium and zinc is 
probably due to dilution caused by the grc/ch response to soil 
amendment rather than a direct affect on mineral absorption. 
A significant interaction between trifluralin rate and soil 
fertility level occurred in tte response of shoot dry weights and 
phosphorus concentrations (Table 11-14). Amendment of soil with 
phosphorus and potassium reduced the relative level of growth 
inhibition at the low trifluralin rate. Corn shoot dry weight was 
reduced 23 and 14^  by 0.12 ppm trifluralin in low and high fertility 
levels, respectively. Similar levels of stunting were observed at the 
0,25 ppm rate in the two fertility treatments. Phosphorus 
concentrations in control plants were increased greater than two fold 
by supplementing the potting media with phosphorus and potassium. 
However, trifluralin had a greater inhibitory effect on phosphorus 
concentration in high fertility than low fertility soils. Phosphorus 
concentrations were reduced 30 and 56^  by 0.25 ppm trifluralin in the 
low and high fertility soils, respectively. There was no interaction 
between trifluralin rate and soil fertility level on potassium 
concentrations of corn seedlings. The greater sensitivity of 
phosphorus concentrations than potassium concentrations to trifluralin 
may be due to the lower mobility of phosphorus in the soil solution. 
Since there is little movement of phosphorus in the soil profile, root. 
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Table 11-14. Interaction between trifluralin and soil fertility on 
growth and phoshorus concentration of corn shoots 
Shoot Dry ¥t^  Shoot P Content 
Trifluralin Fertility- Fertility 
Low High Low High 
(ppm) (g) 
0.00 1.27 (0.10) 2.00 (0.51) 
0.12 
0.25 
0.98 (0.10) 
0.77 (0.08) 
1.72 (0.25) 
1.24 (0.13) 
(mg/g) 
2.13 (0.04) 4.65 (0.63) 
1.99 (0.03) 3.22 (0.35) 
1.49 (0.03) 2.05 (0.03) 
Standard error of means are in parentheses. 
Hiigh fertility soil amended with 339 mg KP^ PO. + 254 mg KNO, 
per kg soil. 
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growth into previously unexplored areas is critical to maintain 
adequate phosphorus absorption levels. The appearance of phosphorus 
deficiency symptoms in fields where trifluralin carryover injury occurs 
is probably brought on by limited phosphorus absorption due to the 
decreased rate of root exploration of the soil.' 
These studies provide a better understanding of the response of 
corn to trifluralin injury. There is a distinct lag between the 
developnent of root and foliar injury, a response that would be 
expected from a chemical that is primarily active on roots (Figure II-
1). In the field, visual foliar symptoms of trifluralin injury often 
do not appear until two to three weeks after emergence. The inhibition 
of root development disrupted the concentration of minerals in corn 
tissue (Tables II-2, 5, 9, 11 and 13). The effect on mineral nutrition 
might be brought about by several factors, including a reduction of 
root growth into areas of soil not yet explored by roots, a direct 
effect on the specific absorption nechanisms and/or a reduction in 
translocation of absorbed nutrients from the root to the shoot. 
Due to the low mobility of many essential nutrients in soil, 
interception of ions by root growth is an essential component of the 
absorption process. It is likely that the reduction in root length due 
to trifluralin injury is tte primary factor responsible for the 
reduction in phosphorus and potassium concentrations in shoot tissue. 
The ability of roots injured by trifluralin to absorb greater 
quantities of phosphorus and potassium per meter of root is indirect 
evidence that the specific ion absorption mechanisms are not directly 
84 
affected (Tables II-3 and 6). Trifluralin also decreased the 
concentration of phosphorus and potassium in corn roots (Table II-2). 
If translocation of minerals was affected by the changes in morphology, 
an accumulation of ions in roots would be expected. 
Amendment of soil with nitrogen, phosphorus and potassium reduced, 
but did not eliminate, the relative degree of growth inhibition of 
trifluralin (Table II-I4). Supplementing the soil with nutrients would 
diminish the importance of root elongation since there would be a 
greater concentration of nutrients within the absorptive zone of an 
individual root. Water relations of trifluralin plants also were 
significantly affected by trifluralin (Table 11-10). Maintaining the 
soil near field capacity did not overcome the reduction in 
transpiration rates due to trifluralin. The reduction in shoot growth 
due to trifluralin appears to be due to complex interactions between 
the mineral and water relations of affected plants. 
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œwausiONS 
The primary objective of this research project was to develop a 
better understanding of the potential for trifluralin carryover injury 
to corn in the northern Corn Belt. At the time this project was 
initiated there was widespread concern among Iowa growers and dealers 
regarding the severity of this problem. 
Results from the field studies indicate that trifluralin carryover 
to corn should not be a major problem in Iowa. Although significant 
carryover injury to corn occurred following application of 2.2 and 4.5 
kg/ha trifluralin, there was no measurable effect on corn growth from 
1.1 kg/ha, the labeled rate of triflurlin. In the process of applying 
agricultural chemicals, it is not unusual for overlapping of spray 
patterns to occur, thus resulting in portions of the field receiving a 
2X rate of the compound. The persistence of trifluralin is great 
enough to result in corn injury in those areas of the field where tte 
chemical was applied at greater than labeled rates; however, one would 
not expect to commonly see symptoms of carryover injury distributed 
throughout the entire field if the herbicide was applied properly. 
Although in these studies no carryover injury was seen at the labeled 
rate of trifluralin, due to variability in environmental conditions, 
soils and hybrid tolerance, occasionally trifluralin may persist and 
damage corn the following growing season when applied according to 
label. These studies indicate that the potential for this is low and 
should not warrant changes in the current use pattern of trifluralin. 
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The occurrence of early season trifluralin injury does not 
necessarily indicate a decrease in yield potential. Corn demonstrated 
an ability to recover from injury as the growing season progressed. 
The confinement of trifluralin within the surface layer of soil and 
lack of translocation of trifluralin in plants limits the potential 
impact of phytotoxic residues. The limited mobility of trifluralin in 
soil results in the chemical remaining within the depth to which it was 
incorporated. Corn roots are able to grow umimpeded by the herbicide 
following penetration of the thin soil layer containing trifluralin. 
Tillage that results in an inversion and mixing of soil greater than a 
depth of incorporation may reduce the potential for carryover injury by 
diluting residues to below phytotoxic concentrations. 
The inhibition of'root development by trifluralin resulted in a 
disruption of. water and mineral relation of corn seedlings. Phosphorus 
and potassium concentrations were significantly reduced in plants 
exposed to trifluralin. Supplementing soil with nitrogen, phosphorus 
and potassium reduced the relative degree of growth inhibition due to 
0.12 ppm trifluralin, but did not protect seedlings against trifluralin 
at 0.25 ppm. The reduction in mineral absorption observed in corn 
seedlings exposed to trifluralin is apparently due to the reduced 
interception of ions caused by decreased root elongation. Reductions 
in transpiration rates indicate a disruption of water relations occurs 
in injured plants. A combination of the effects on water and mineral 
relations of susceptible plants is likely responsible for the reduced 
growth rates of plants exposed to trifluralin. 
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